Abstract Thermal stress has a significant adverse effect on commercial swine production but it is not easy to measure. Animals may adapt to stress conditions by an alteration in the expression of stress-related genes such as heat shock proteins (HSPs) and monocarboxylate transporters (MCTs). The present study presents a comparative analysis of seasonally varied effects on the expression profiles of HSPs (27, 70, and 90) and MCTs (1, 2, and 4) transcripts in thigh muscle and colon tissue of Ghungroo and Large White Yorkshire (LWY) breeds of pig. By real-time polymerase chain reaction, the mRNA expression of HSP27 and HSP90 genes was found to be higher in both thigh muscle and colon tissue in Ghungroo compared to Large White Yorkshire pigs during the summer. However, the relative expression of HSP70 was significantly higher (P<0.01) in Ghungroo compared to Large White Yorkshire pigs during both seasons in both thigh muscle and colon tissue. The expression of HSP90 was higher in Ghungroo when compared to LWY though the variation was non-significant (P>0.05) in the colon during different seasons. However, in Ghungroo, the mRNA expression of MCT1 was found to be significantly (P<0.05) higher in thigh muscle and colon regions during the summer compared to LWY, whereas MCT2 was expressed more in the colon in LWY compared to Ghungroo during the summer. The relative expression of mRNA of MCT4 was found to be significantly (P<0.05) higher in thigh region in both summer and winter in Ghungroo compared with LWY. Thus, the study demonstrated that both HSPs and MCTs gene expression during thermal stress suggests the possible involvement of these genes in reducing the deleterious effect of thermal stress, thus maintaining cellular integrity and homeostasis in pigs. These genes could be used as suitable markers for the assessment of stress in pigs.
Introduction
Thermal stresses trigger a complex program of gene expression and biochemical adaptive responses (Fujita 1999 and Lindquist 1986 ) in humans as well as in livestock. The reduction of productivity and the devastating economic consequences to the global livestock industry due to both hot and cold environments have been documented previously (StPierre et al. 2003; Bernabucci et al. 2010) . Among all livestock, pigs are more susceptible to temperature changes, with subsequent effects on commercial swine production. Hot weather adversely affects pig performance, reproduction, feed conversion, and the health and welfare of the animals (Lucas et al. 2000) . Cellular responses to stress are of great interest with respect to animal health and production. Biologically, the ability to survive and adapt to thermal stress appears to be a fundamental requirement of cellular life, as cell stress responses are ubiquitous (Sonna et al. 2002) . Interestingly, many of the physiological effects of cold exposure that are observed on the cellular level are similar to those seen in heat-stressed cells, including decelerated protein synthesis and cell cycle progression, reduced membrane permeability and cytoskeletal structure changes, as well as protein denaturation (Sonna et al. 2002) . However, there are few studies, either in vitro or in vivo, that have focused on low temperatures. In principle, cold should reduce rates of enzymatic reactions, diffusion, and membrane transport, whereas heat would tend to accelerate these processes. Particularly in mammals, exposure to hypothermia or hyperthermia has been related to morphological and physiological modifications.
The highly anaerobic muscles of pigs are easily acidified due to accumulation of lactate and protons. At the cellular level, this acidification of the muscle during stress triggers a stress reaction, which leads to the synthesis of special stress proteins, heat shock proteins (HSPs) (Weitzel et al. 1985) . HSPs help other proteins to maintain their conformation and even assist in their repair (Hendrick and Hartl 1993; Kiang and Tsokos 1998) . HSPs are essential molecular chaperones in protein assembly and disassembly, protein folding and unfolding, and refolding of damaged proteins (Schmitt et al. 2007 ). HSPs represent several families of cellular stress response proteins, some of which are expressed constitutively and others expressed largely under conditions of stress. Expression of inducible HSPs has been associated with protection of cells from the adverse effects of various types of stressors. HSPs form a protein family classified according to their molecular weights (Locke 1997; Liu and Steinacker 2001) . One of the most abundant and best characterized is the 70-kDa family (HSP70). The Hsp70 family of proteins is highly conserved in all organisms. HSP70 helps cells respond to stress, and its expression is induced by various cellular stresses (Lindquist and Craig 1988) . Heat shock protein 90, found in both the cytoplasm and the nucleus, is one of the most abundant proteins in mammalian cells. Mammalian cells also contain several small HSPs, including Hsp25/27. Hsp25 is found in murine cells, whereas its homolog, Hsp27, is found in human cells. The cytoprotective heat shock protein 27 (Hsp27), one of the major inducible chaperones present in intestinal epithelial cells, is known to be regulated by various factors, including diet and gut microbiota and its metabolites (Ren et al. 2001; Arvans et al. 2005) .
The oxidative capacity of the domesticated pig is low (Essen-Gustavsson 1986; Karlsson 1993; Ruusunen 1994) , and the muscles contain mainly thick fast glycolytic fibers (IIB), which in stressful situations easily switch their energy metabolism to anaerobic glycolysis. Generally, lactate formed in glycolytic (white) muscle fibers is transported to the liver or to oxidative (red) fibers to be used as a fuel. In domestic pigs, however, the transport of lactate out of muscles is limited by poor capillarization (Ruusunen and Puolanne 2004) and its utilization as a fuel is limited by the small number of oxidative fibers (Essen-Gustavsson 1986) . Since the mitochondrial density in the white muscles is lower than in red muscles (Beecher et al. 1969 ), lactate and protons may accumulate in muscles, causing pain in living muscle and, perimortally, quality defects in meat. The muscle fibers protect themselves from acidification by transporting both lactate and protons out of the cell (Poole and Halestrap 1993) . In all species studied, efflux of lactate and protons is facilitated mainly by monocarboxylate transporters (MCTs), which co-transport a proton and a lactate anion through the cell membrane (Juel 1998; Halestrap and Price 1999) . If lactate and protons are not transported efficiently out of the cells, animals experience stress caused by acidification. The low oxidative capacity, sparse capillarization, and fiber-type distribution of the muscles of the domestic pig render it an interesting animal for studies of MCT isoform composition. In the gastrointestinal tract, MCTs are important in the transport of short-chain fatty acids (SCFAs) and lactate (Koho et al. 2005) . SCFAs are weak acids, but because the pH of the gastrointestinal tract, with the exception of the stomach, is nearly neutral, 90-99 % of SCFAs are present as anions rather than as free acids. In pigs, as in other monogastric species, the main site for SCFA production and absorption is the colon (Sepponen 2008) . In addition, lactate is mostly absorbed in the small intestine (Argenzio and Southworth 1974) . In the gut, the abundance of the MCT protein (colonic luminal membrane) declines during transition from normality to malignancy, which in turn reduces the SCFA required to maintain regulation of normal differentiation and proliferation in the colonic mucosa (Ritzhaupt et al. 1998b) . In pigs, this is a normal situation when stressful conditions change the vascular resistance, which results in decreased blood supply in the splanchnic area. This leads easily to ischemia in the gastrointestinal system (Niewold et al. 2000) , which has been shown to be associated with intestinal acidosis in pigs (Ljungdahl et al. 1997) . Thus, during stress, it is important that MCT proteins function properly to maintain a sufficiently high intracellular pH for HSP production (Sepponen 2008) . The MCT family has 14 members (Halestrap 2012) , among which MCT1, MCT2, and MCT4 were reported to be present in muscles as well as the intestine of both domestic and wild pigs (Sepponen 2008; Ritzhaupt et al. 1998) .
To the best of our knowledge, no studies have been designed so far to gain an insight into the comparative analysis of seasonal variation effects on HSPs and MCT gene expression profile in thigh muscle as well as colon tissue in the Indian native breed Ghungroo and the exotic breed, Large White Yorkshire pigs. Thus, this study was designed to find out the relative expression profile of HSPs (HSP27, HSP70, and HSP90) and MCTs (MCT1, MCT2, and MCT4) in thigh muscles and colon tissue of both breeds during the winter and summer seasons and to discover possible variations between the breeds.
Materials and methods

Animals and sampling
The present study was conducted in 30 animals each from two different breeds of pig, i.e., indigenous native breed Ghungroo and exotic Large White Yorkshire (LWY). The animals were divided equally into three groups and the experiment was carried out during three distinct phases according to three different season of the year, viz, thermo-neutral (mid-January to mid-February), winter (December to January), and summer (mid-April to mid-June). The pigs were raised at a Regional Pig breeding station, Haringhata Farm (West Bengal, India, latitude 22°56′ N and longitude 88°32′ E), until they attained an average weight of 80±10 kg. On the day of slaughter, pigs were transported from the farm to the meat plant located nearby and were allowed to rest 3 h before exsanguination.
Environmental conditions
The data on meteorological variables, i.e., average daily temperature, relative humidity, were recorded by observatory installed at Department of Agricultural Meteorology & Physics, Bidhan Chandra Krishi Viswavidhyalaya (BCKV), Mohanpur (latitude 22°56′ N and longitude 88°32′ E), West Bengal. The samples were collected once a week and the environmental conditions during the experimental days of collection were recorded and considered during data analysis. Temperature Humidity Index (THI) was calculated as per Jonson et al. 1963, i. e.,
where T db is dry bulb temperature (°C) and T wb is wet bulb temperature (°C) Tissue collection and total RNA extraction Samples from the proximal colon tissue and thigh muscles were taken approximately 1 and 2 h, respectively, after stunning. The tissues were washed with phosphate buffer saline (PBS), snap frozen using liquid nitrogen, and preserved at −80°C until RNA extraction. Total RNA from tissue was extracted using TRIZOL reagent (Sigma-Aldrich, USA) as per the manufacturer's instructions. The extracted RNA was dissolved in 30 μl nuclease-free water and the concentration was measured using Nanodrop (Thermo Scientific, USA). The quality and integrity of the extracted RNA was analyzed by 1.5 % agarose gel electrophoresis. Absorbance of the isolated RNA samples were measured at OD 260/OD 280 to check for protein contamination.
Gene expression (HSP and MCT) analysis by quantitative real-time PCR
Reverse transcription
Approximately 1 μg of total RNA was reverse transcribed to cDNA using iScript™ select cDNA synthesis kit (Bio-Rad Laboratory, CA) as per the manufacturer's instructions. RPS15a was used as the housekeeping gene. Primers were designed for HSP27, HSP70, HSP90, MCT1, MCT2, MCT4, and RPS15a on the basis of prior sequence information available at the National Centre for Biotechnology Information (NCBI) and synthesized by GCC Biotech (India) Pvt. Ltd. The primer sequences and expected amplicon size of the targeted genes are given in Table 1 .
Quantitative real-time PCR
Relative expression levels of mRNA transcripts of HSPs (HSP27, HSP70, and HSP90) and MCTs (MCT1, MCT2, and MCT4) genes were measured by quantitative real-time PCR (qPCR) in Strategene real-time qPCR (Mx3005P, Agilent Technology, USA) using SsoFast™ Eva green® qPCR kit (Bio-Rad, USA). A master mix as per the following components was prepared: SsoFast™ Eva Green® super mix-10 μl, forward primer (0.2 mM)-0.5 μl, reverse primer (0.2 mM)-0.5 μl, cDNA sample for each gene-1 μl, and nuclease-free water (NFW) up to 20 μl. RPS15a was used as a housekeeping gene for this experiment. The thermal profile was an initial 30-s denaturation step at 95°C followed by 40 cycles including denaturation at 95°C for 5 s, genespecific annealing temperature (Table 1) for 10-12 s and elongation at 72°C for 10 s followed by a final elongation step at 72°C for 10 min and last cycle at 95°C for 1 min with a gradual increase from 60 to 65°C for 10 s to 95°C for 15 and 30 s at 0.58°C per second and continuous fluorescence measurement, and a final cooling down to 40°C. After the end of the run, a cycle threshold (Ct) values and amplification plot for all determined factors were acquired. Real-time PCR efficiencies were determined by amplification of a standardized dilution series and slopes were obtained. The specificity of the desired products was documented using an analysis of the melting temperature, which was product-specific. The amplified PCR products were resolved in 1.5 % electrophoresis through agarose gel containing Lab safe Nucleic acid stain (G Biosciences, USA) and visualized in gel documentation system (GELDOC, USA). The relative expression of PCR products was determined as per the method of Pfaffl (2001) .
Statistical analysis
The statistical significance of differences in mRNA expression of the genes during different season in respective breeds in different tissues was assessed by two-way ANOVA using GraphPad Prism 4.03 software whereas the relative expression values of mRNA for different genes between breeds during a particular season in a particular tissue were carried out by unpaired t test. A difference with value P<0.05 was considered statistically significant.
Results
Climatic conditions
The average environmental parameters recorded during the experimental periods are presented in Table 2 . THI during thermo-neutral seasons was 70, whereas it was decreased to 63 during the winter and increased to 80 during the summer.
RNA integrity and purity
Two intact bands of 28 s and 18 s indicated good quality and intactness of isolated RNA. The concentrations of RNA samples were in the range of 200-2000 ng/μl with an absorbance ratio (OD 260/OD 280) of more than 1.8, which indicated that isolated RNA samples were free from protein contamination.
Gene expression analysis
Efficiency-corrected relative quantification of mRNA was obtained by Pfaffl method (2001) . The relative expression of mRNA for HSPs (HSP27, HSP70, and HSP90) as well as MCTs (MCT1, MCT2, MCT4) of Ghungroo and LWY during peak winter and summer months is presented in Table 3 and Fig. 1 . The thermo-neutral season values were used as calibrator.
Expression of mRNA of HSP27
During the summer season, the relative expression of mRNA of HSP27 in thigh region was found to be increased significantly (P<0.05) compared to that in the winter season in both Ghungroo (Fig. 2a) and LWY (Fig. 2b) . However, a comparatively higher expression of this gene was found in both thigh muscle and colon tissue in Ghungroo compared to LWY during the summer season (Table 3) , although the variation in colon-derived tissue was non-significant (P>0.05). Thermo-neutral (mid-January to mid-March), winter (mid-November to mid-January), and summer (mid-April to mid-June)
Expression of mRNA of HSP70
In both Ghungroo (Fig. 2c) and LWY (Fig. 2d) , the HSP70 mRNA expression was found to be increased significantly (P<0.05) during the summer season in thigh as well as in colon region. However, the expression value was significantly higher (P<0.01) in Ghungroo compared to LWY during both seasons (Table 3) in both thigh muscle and colon tissue.
Expression of mRNA of HSP90
In Ghungroo (Fig. 2e) and LWY ( Fig. 2f ) breeds, the mRNA expression for HSP90 during summer seasons was found to be higher in thigh region compared to that in the winter season, but the mRNA expression in the colon region during different seasons was found to be non-significant (P>0.05). Although the variation in expression was non-significant (P>0.05) between the breeds during different seasons, the expression was higher in Ghungroo when compared to LWY (Table 3) .
Expression of mRNA of MCT1
In both the breeds, the relative expression of MCT1 mRNA was found to have increased significantly (P<0.05) during the summer seasons in both thigh muscle and colon region (Fig. 2g, h ). However, in Ghungroo, the mRNA expression value was found to be significantly (P<0.05) higher in thigh muscle during the winter and in the colon region during the summer compared to LWY (Table 3 ). The mRNA expression of MCT1 remained almost stable in colon tissue during the winter and in thigh muscle during the summer season when compared between the breeds.
Expression of mRNA of MCT2
In both Ghungroo (Fig. 2i) and LWY (Fig. 2j) , the MCT2 mRNA expression was significantly increased (P<0.05) in colon tissue whereas it remained almost stable in thigh muscles during the summer. When the relative expression was compared between breeds, this gene was found to be expressed more in the colon in LWY compared to Ghungroo during the summer season (Table 3) . Expression of mRNA of MCT4
The relative expression of mRNA for MCT4 of Ghungroo and LWY during winter and summer are presented in Table 3 and Fig. 2k , l, respectively. In Ghungroo, the relative expression of mRNA of MCT4 was found to be significantly (P<0.05) higher in thigh region in both summer and winter compared to LWY. Moreover, the expression value of MCT4 in colon tissue remained stable during the summer in both the breeds, whereas it was two times more expressed in colon tissue of LWY compared to Ghungroo.
Discussion
To the best of our knowledge, no study has so far given an insight into the comparative analysis of seasonal variation in the relative expression of HSPs and MCTs gene between Ghungroo and Large White Yorkshire breed of pigs. Thermal stress triggers a complex cellular response including altering gene expression (Sonna et al. 2002; Kultz 2005) . To gain insight into the molecular mechanisms by which the animal body reacts to thermal stress and exerts its complex biological effects, we performed relative mRNA expression analysis of HSPs (HSP27, HSP70, and HSP90) and MCTs (MCT1, MCT2, and MCT4) in thigh muscle and colon tissue of both breeds during thermo-neutral, summer, and winter seasons. In the present investigation, the environmental temperature during the thermo-neutral season, winter, and summer was 22, 16, and 34°C, respectively. An environmental temperature range of 18-21°C has generally been found to support optimal productive performance of pigs bred for production (Huynh et al. 2005) . During the summer and winter, animals were exposed to ambient temperature beyond their comfort zone, putting them under heat and cold stress. Our THI showed that a THI above 80 is stressful to pigs as reported previously (Pourouchottamane et al. 2013) .
HSPs
HSPs are the major components of molecular chaperones that facilitate the folding of newly synthesized proteins, prevent the aggregation of misfolded proteins, and promote their refolding in different cellular compartments such as the cytosol or endoplasmic reticulum (Mohamed 2012) . Stressors are broadly classified into environmental, pathological, and physiological, which induce the up-regulation of HSP gene expression in a stressed cell which is called as stress response (Lindquist and Craig 1988) .
HSP27
HSP27 is the smallest cytosolic protein that is induced by heat shock (Rylander et al. 2005; Rembold and Zhang 2001) . We observed that during the summer, the relative expression of mRNA of HSP27 in the thigh region was found to be increased significantly (P < 0.05) compared to the thermoneutral and winter seasons in Ghungroo and LWY, whereas its mRNA expression value was higher during the summer in both thigh and colon tissue in Ghungroo compared to LWY. HSP27 has been reported to be triggered by a variety of physiologically stressful stimuli such as elevated temperature, ischemia, and oxidative stress (Rylander et al. 2005) . In our study, increased temperatures during the summer triggers HSP27 expression in active thigh muscles. In Ghungroo, the increased HSP27 expression in the colon during winter may be due to the fact that HSP27 was reported to play a major role in protecting the intestinal epithelial cell from damage by upregulating its expression (Liu et al. 2012) . The variation in HSP expression due to breed difference was also reported in other species (Dangi et al. 2012; Banerjee et al. 2014) and HSPs expression also acts as a potential indicator of animal adaptation to harsh environmental stress (Valenzuela 2000; Hansen 2004 ).
HSP70
HSP70 is found in cellular compartments such as the cytoplasm, nucleus, endoplasmic reticulum, and mitochondria (Rylander et al. 2005) . Its major functions are protein folding, cytoprotection, and as molecular chaperones (Dangi et al. 2012) . In the present study, we observed that HSP70 mRNA expression was found to be significantly higher (P<0.05) during the summer in both breeds in comparison with the winter season. Our findings are in accordance with previous studies in which heat stress-induced HSP70 expression was observed in the goat PBMCs (Banerjee et al. 2014; Dangi et al. 2012 ) and bovine lymphocytes (Lacetera et al. 2006; Upadhyay 2007, 2010) . During the winter, HSP70 expression was approximately three times higher in Ghungroo compared to LWY. It is not surprising to see the HSP70 up-regulation in response to cold in Ghungroo as the denaturation of proteins is a general phenomenon when cells are exposed to cold (Kostal and Tollarova-Borovanska 2009; Tsai et al. 2002) , and in turn, partially denatured or misfolded proteins are potent triggers of rapid HSP70 accumulation (Feder and Hofmann 1999; Welch 1993 ).
HSP90
HSP90 is mostly found in the cytoplasm, endoplasmic reticulum, and nucleus (Kregel 2002) . The major functions are protein translocation and regulation of steroid hormone receptors (Dangi et al. 2012 ). Our present study found that the mRNA expression of HSP90 in both the breeds during the summer season was significantly higher (P<0.05) than the corresponding values in thigh muscle during the winter season. Our findings are in accordance with previous studies in which heat stress-induced HSP90 expression was observed in the goat PBMCs (Dangi et al. 2012) , in human blood lymphocytes (Schimidt and Abdulla 1988) , and in lung, heart, spleen, liver, and brain of human (Sareh et al. 2011 ). The increased expression during the summer season could provoke its transcription to protect cells from the damaging effects of heat stress such as the denaturation of proteins, help in protein refolding, and prevent aggregation of denatured proteins (Dangi et al. 2012 ).
MCTs
The important anatomical and physiological constraints of pigs are small heart size, lower plasma and blood volume to their body weight ratio (Yang and Lin 1997) , poor blood circulation with sparse capillarization (Ruusunen and Puolanne 2004) , and higher percentage of white (type IIB fibers or fast glycolytic) fibers (Ruusunen and Puolanne 2004) . Due to the above properties, even moderate physical activity derives its energy by anaerobic metabolism (Essen-Gustavsson 1986) whose end product is lactic acid (Nelson and Cox 2005) . Lactic acid and other monocarboxylate compounds such as pyruvate, oxo acids, SCFA, etc. almost dissociates to its respective anion at physiological pH (Poole and Halestrap 1993) . These anions cannot cross the plasma membrane by free diffusion and require a specific transport mechanism called MCTs (Halestrap and Price 1999) .
MCT1
In both breeds, the relative expression of MCT1 mRNA was found to be increased significantly (P<0.05) during the summer season in both thigh muscles and colon regions. MCT1 has been thought to transport lactate into the muscle fibers for oxidation (McCullagh et al. 1996; Halestrap and Price 1999; Juel and Halestrap 1999) . Our finding was in contrast to findings of Sepponen (2008) where MCT1 was almost undetectable or insignificant in all the five muscles he studied. The mRNA expression of MCT1 remains almost stable in colon tissue during the winter season. This might be due to relatively lower concentrations of lactate production in the intestine during the winter.
MCT2
In our study, a significant (P<0.05) increase in MCT2 mRNA expression in thigh region in both Ghungroo and LWY was found during the summer season. MCT2 has a very low K m for lactate (Lin et al. 1998; Broer et al. 1999) , and therefore, it is tempting to speculate that this isoform is needed for pH regulation in tissues that rely on glycolysis in their energy production, thus producing small amounts of lactate continuously (Sepponen 2008) . Therefore, one may expect that a pig, which has a high percentage of type IIB muscle fibers that easily produce lactic acid, regulates the acidification of its muscles through the action of MCT2 (Sepponen 2008) . But when relative expression was compared between breeds, this gene was found to be expressed more in colon in LWY than in Ghungroo during the summer. The reason might be that there is more production of lactate in colon of LWY compared to Ghungroo.
MCT4
In Ghungroo, the relative expression of mRNA of MCT4 was found to be significantly (P<0.05) higher in the thigh region in both summer and winter seasons but significantly (P<0.05) higher only during the summer season in LWY. It has been speculated that at high lactate concentrations MCT4 is the principal MCT isoform to transport lactate. The higher expression of MCT4 in thigh muscles in this study was the same as that reported previously (Sepponen 2008) as MCT4 may function in the efflux of lactate during stressful situations, when the production of lactate in the muscle is high. In the colon region, however, the expression of MCT4 was increased during the summer but the variation was non-significant between the breeds. The relatively low level of expression of MCT4 in colon needs further study to understand the exact isoforms collectively expressed during thermal stress.
This study concluded that the mRNA expression pattern for HSP and MCT genes is breed-specific, most likely due to variations in thermal tolerance and adaptation to different climatic conditions. Ghungroo pigs, a breed native to India, expressed higher levels of HSPs and MCTs transcripts indicating their more adaptive capacity towards thermal stress in comparison to the exotic breed Large White Yorkshire. The exact co-relation between the expression of MCTs and HSPs gene in a specific breed needs further study. Additionally, it would be of interest to undertake future studies with regard to protein profiling of these two genes.
